ABSTRACT Broilers that are susceptible to pulmonary hypertension syndrome (PHS, ascites) have an elevated pulmonary arterial pressure (PAP) when compared with PHS-resistant broilers. Two distinctly different syndromes, pulmonary arterial hypertension and pulmonary venous hypertension (PVH), both are associated with increases in PAP. Pulmonary arterial hypertension occurs when the right ventricle must elevate the PAP to overcome increased resistance to flow through restrictive pulmonary arterioles upstream from the pulmonary capillaries. In contrast, PVH is commonly caused by increased downstream (postcapillary) resistance. The sites of resistance to pulmonary blood flow are deduced by making contemporaneous measurements of the PAP and the wedge pressure (WP) and calculating the transpulmonary pressure gradient (TPG) (TPG = PAP − WP). We obtained PAP and WP values from 8-, 12-, 16-, 20-, and 24-wk-old anesthetized male and female broilers from a PHS-susceptible line. Pressures were recorded as a catheter was advanced through a wing vein to the pulmonary artery and onward until the WP was obtained. In addition to sex and age comparisons of vascular pressure gradients, the data also were pooled to obtain 3 cohorts for broilers having the lowest PAP values (n = 52; range: 12 to 22.9 mmHg), intermediate PAP values (n = 63; range: 23 to 32.9 mmHg), and highest PAP values (n = 62; range: 33 to 62 mmHg) independent of age or sex. Within each of the age, sex, and PAP cohort comparisons, broilers with elevated PAP consistently exhibited the hemodynamic characteristics of pulmonary arterial hypertension (elevated PAP and TPG combined with a normal WP) and not PVH (elevated PAP and WP combined with a normal or reduced TPG). Susceptibility to PHS can be attributed primarily to pulmonary arterial hypertension associated with increased precapillary (arteriole) resistance.
INTRODUCTION
Broilers that are susceptible to pulmonary hypertension syndrome (PHS, ascites syndrome) have an elevated pulmonary arterial pressure (PAP) when compared with broilers that are resistant to PHS (Wideman et al., 2000 (Wideman et al., , 2002 (Wideman et al., , 2007 Wideman, 2001, 2006; Bowen et al., 2006; Lorenzoni et al., 2008) . Sustained increases in PAP typically reflect sustained increases in the cardiac output (CO) or increased resistance to blood flow through the pulmonary vasculature (increased pulmonary vascular resistance, PVR) (Peacock et al., 1989; Wideman and Bottje, 1993; Wideman, 2000 Wideman, , 2001 Wideman et al., 2007) . Previous physiological comparisons of clinically healthy PHS-susceptible and PHS-resistant broilers failed to demonstrate consistent differences in CO, whereas both the PAP and PVR were consistently higher in susceptible than in resistant broilers. Thus, for PHS-susceptible broilers to maintain a normal CO, the right ventricle of the heart must increase the PAP sufficiently to overcome the excessively elevated PVR (Wideman et al., 2002 (Wideman et al., , 2007 Chapman and Wideman, 2006; Lorenzoni et al., 2008) . Efforts to further elucidate the pathogenesis of PHS have focused on deducing the underlying sources of excessive resistance to pulmonary blood flow (Wideman et al., 2004 (Wideman et al., , 2007 .
Two distinctly different syndromes, pulmonary arterial hypertension (PAH) and pulmonary venous hypertension (PVH), both are associated with increases in PAP. Pulmonary arterial hypertension occurs when the right ventricle must elevate the PAP to overcome increased resistance to flow through anatomically restrictive or physiologically constricted pulmonary arterioles upstream from the capillaries and veins. In contrast, PVH is commonly caused by left-sided valvular or myo-cardial diseases that prevent the left ventricle from efficiently pumping blood returning from the lungs. The resulting accumulation of blood in the left atrium and pulmonary veins forces the right ventricle to increase the PAP to overcome this increased downstream (postcapillary) congestion (Hermo-Weiler et al., 1998; Simonneau et al., 2004; Benza and Tallaj, 2006) .
The sites of excessive resistance to pulmonary blood flow can be deduced as being upstream or downstream to the capillaries by making contemporaneous measurements of the PAP and the wedge pressure (WP). Wedge pressures are obtained by advancing a catheter through the pulmonary arterial branches until the tip of the catheter reaches an arteriole of a similar or smaller diameter, causing the catheter's tip to wedge in and thereby occlude blood flow and pressure transmission from the upstream arterial tree. The column of blood that remains between the catheter tip and the downstream vasculature transmits the blood pressure from the venous region, allowing the measurement of the postcapillary downstream blood pressure via the wedged catheter (Chapman and Wideman, 2001; Lorenzoni et al., 2008) . The difference between the PAP and WP equals the transpulmonary pressure gradient (TPG). The typical hemodynamic characteristics of PAH include elevated values for PAP and TPG combined with a normal (low) WP and thus low left atrial or pulmonary venous pressures. In contrast, PVH is characterized by elevated values for PAP accompanied by a proportionally elevated WP in combination with a normal or reduced TPG (Zidulka and Hakim, 1985; Hermo-Weiler et al., 1998; Chemla et al., 2002; Benza and Tallaj, 2006) .
Using broilers from PHS-susceptible, PHS-resistant, and relaxed lines that had been selected for multiple generations under conditions of hypobaric hypoxia (Anthony et al., 2001; Balog, 2003; Pavlidis et al., 2007) , previous comparisons of CO, PVR, PAP, WP, and TPG values provided direct evidence that elevated precapillary resistance (PAH) serves as the underlying basis for PHS susceptibility in 5-to 7-wk-old males and females (Chapman and Wideman, 2001; Bowen et al., 2006; Wideman et al., 2007; Lorenzoni et al., 2008) . In the present study, we obtained PAP, WP, and TPG values from 8-to 24-wk-old males and females from the PHSsusceptible line. It was our hypothesis that if left ventricular valvular or myocardial deterioration contributed to pulmonary hypertension attributable to PVH (Olkowski et al., 1998; Olkowski, 2007) , then evidence of progressively elevated postcapillary resistance might be detected more readily in 12-to 24-wk-old broilers. Alternatively, if excessive arteriole resistance is wholly responsible for spontaneously initiating pulmonary hypertension, then the hemodynamic characteristics of PAH (elevated PAP and TPG combined with a normal WP) should persist regardless of age or sex in PHSsusceptible broilers grown under ideal environmental and management conditions.
MATERIALS AND METHODS
Animal procedures were approved by the University of Arkansas Institutional Animal Care and Use Committee (protocol 08036). Male and female chicks from 3 separate hatches of the PAH-susceptible broiler line (Anthony et al., 2001; Balog, 2003; Pavlidis et al., 2007) were reared on wood shavings litter in environmental chambers (dimensions: 3.7 m long × 2.5 m wide × 2.5 m high) within the Poultry Environmental Research Lab at the University of Arkansas Poultry Research Farm. Single-pass ventilation was maintained at a constant rate of 6 m 3 per minute per chamber. The photoperiod was set for 23L:1D for the first 4 d and 16L:8D thereafter. Thermoneutral temperatures were maintained throughout: 32°C for d 1 to 3, 31°C for d 4 to 6, 29°C for d 5 to10, 26°C for d 11 to 14, and 24°C thereafter. Chicks were placed at an initial density of 930 cm 2 /bird, and by 6 wk of age, the bird density had been reduced to ≥2,000 cm 2 /bird. A 23% CP corn-and soybean meal-based feed formulated to meet minimum NRC (1994) standards for all ingredients was provided ad libitum until the birds reached 15 wk of age, after which all birds were subjected to complete feed withdrawal on 1 out of every 3 d to reduce the onset of obesity and lameness. Water was available ad libitum via nipple watering systems throughout the study.
At 8, 12, 16, 20, and 24 wk of age, a minimum of 11 birds per sex (Table 1) were weighed and anesthetized to a surgical plane with i.m. injections of allobarbitol (5,5-diallylbarbituric acid, 3.0 mL, 25 mg/mL) and ketamine HCl (1.0 to 2.5 mL of 100 mg/mL). Sufficient numbers of birds were available from the second and third hatches (H2 and H3, respectively) to obtain duplicate groups at 24 wk of age (24-wk H2 and 24-wk H3, respectively). These duplicate groups were obtained from the same breeder parents but were hatched 25 d apart and were raised to 24 wk of age in separate environmental chambers. The anesthetized broilers were fastened in dorsal recumbency on a surgical board. Lidocaine (Interstate Drug Exchange Inc., Amityville, NY) HCl (2%) was injected subcutaneously around the basilica vein, then the proximal end of a Silastic catheter (Dow Corning Corp., Midland, MI; 0.012 inside diameter, 0.025 outside diameter) filled with heparinized saline (200 IU of heparin/mL of 0.9% NaCl) was inserted into the basilica vein. The distal end of the catheter was attached to a blood pressure transducer (World Precision Instruments, Sarasota, FL) interfaced through a Transbridge preamplifier (World Precision Instruments) to a Biopac MP100 data acquisition system using Acqknowledge software (Biopac Systems Inc., Goleta, CA). Venous pressure was recorded with the catheter inserted approximately 2 cm into the basilica vein. Characteristic pulse pressures (Guthrie et al., 1987; Owen et al., 1995; Wideman et al., 1996 Wideman et al., , 1999 were monitored to identify the catheter's location as it was slowly advanced to the right atrium, right ven-tricle, main trunk of the pulmonary artery, and onward until a sudden decrease in the pressure indicated that the tip of the catheter had become wedged. A sudden increase in the pressure as the catheter was slightly withdrawn confirmed the recording of WP. The catheter then was gradually withdrawn to again record the pulmonary arterial, right ventricular, right atrial, and venous pressures. Typical blood pressure recordings from individual broilers undergoing WP experiments have been published previously Wideman, 2001, Lorenzoni et al., 2008) .
After a satisfactory recording was obtained, the birds were killed with a 10-mL i.v. injection of 0.1 M KCl. The heart was removed and the ventricles were dissected and weighed to calculate the right:total ventricular weight ratio (RV:TV), which is positively correlated with right ventricular work and the PAP Smith, 1967, 1968; Cueva et al., 1974; Sillau and Montalvo, 1982; Huchzermeyer and DeRuyck, 1986; Hernandez, 1987; Julian et al., 1987; Julian, 1988 Julian, , 1993 Peacock et al., 1989; Wideman, 2000) . The Biopac MP100 data acquisition system continuously recorded the blood pressure (in mmHg). The venous, right atrial, right ventricular, pulmonary arterial, and WP were averaged electronically over 10-s intervals from the Biopac recording. The TPG was calculated as PAP minus WP (Chemla et al., 2002; Benza and Tallaj, 2006) . Sex and age interactions were evaluated using the SigmaStat ANOVA package (Jandel Scientific, 1994) . The individual bird was used as the experimental unit, and the numbers of birds included within each age and sex category are shown in Table 1 . Means were separated by the Tukey test when the F-test from the ANOVA was declared significant (P < 0.05). The SigmaStat linear regression procedure was used to evaluate relationships between RV:TV and PAP. Table 1 shows the number of birds evaluated per sex within each age category, as well as the BW, ventricle weights, and RV:TV. The BW increased with age for both males and females, and males were heavier than females at 12, 20, and 24 wk of age. Right ventricle weight did not increase with age in females but was higher in males at 24 wk than at 8, 12, and 16 wk. The right ventricle weight did not differ between males and females until wk 24. Left ventricle weights increased with age in both males and females and were heavier in males than in females at 16, 20, and 24 wk of age. Total ventricle weights increased with age in males but not in females and were heavier in males than in females at 12, 16, and 24 wk of age. There were no age or sex differences in RV:TV. Within a sex, there were no differences between birds from the 24-wk H2 and 24-wk H3 groups for any of the variables shown in Table 1 .
RESULTS
Pulmonary vascular pressures are shown for each age and sex category in Table 2 . These values include the pressures recorded as the catheter was advanced through the vascular tree (venous 1, right atrium 1, right ventricle 1, and pulmonary artery 1), the WP, the pressures recorded as the catheter was withdrawn from the vascular tree (pulmonary artery 2, right ventricle 2, right atrium 2, and venous 2), and the calculated TPG. There were no age-related differences in the pressures recorded for venous 1 or 2, right atrium 1 or 2, pulmo- nary artery 2, or right ventricle 2. The pressures recorded for right ventricle 1, pulmonary artery 1, WP, and TPG were higher in males at 8 or 12 wk of age than in males from the 24-wk H2 or 24-wk H3 groups. Within each of the ages evaluated, there were no sex differences in the pressures recorded at any of the vascular locations (Table 2) . Pooling all birds by sex regardless of age revealed higher values for right atrium 1 and 2 and WP and lower values for TPG in females than in males (Table 3 ). Pooling all birds by age regardless of sex (Figure 1 ) revealed higher average values for PAP 1 and PAP 2 in 8-wk-old broilers (36.3 ± 2.1 mmHg and 35.1 ± 1.9 mmHg, respectively) than in broilers from the 24-wk H2 group (26.2 ± 1.4 and 26.0 ± 1.3 mmHg, respectively) and the 24-wk H3 group (27.3 ± 1.6 and 26.5 ± 1.5 mmHg, respectively). The PAP 1 and 2 values for broilers in the remaining age categories were intermediate (not significant) between the 8-and 24-wk extremes. The high PAP 1 and 2 values in 8-wkold birds were associated with the second lowest average value for WP (11.6 ± 0.7 mmHg) combined with the highest TPG (24.6 ± 1.8 mmHg). The highest and lowest average WP values were observed in 12-wk-old (14.4 ± 0.6) and 16-wk-old (11.4 ± 0.8 mmHg) broilers, respectively (Figure 1) .
To further characterize the relationship between PAP, WP, and TPG, the vascular pressure data were pooled regardless of age or sex. These pooled data were grouped into 3 cohorts of approximately equal size to compare vascular pressures in birds having the lowest average PAP values (n = 52; range: 12 to 22.9 mmHg), intermediate PAP values (n = 63; range: 23 to 32.9 mmHg), and highest PAP values (n = 62; range: 33 to 62 mmHg). As shown in Figure 2 , these high, medium, and low cohort groupings proportionally differentiated pressures within each of the vascular locations with the exception of WP. Thus, the differences in PAP between the high and medium cohorts (40.2 ± 0.8 vs. 27.4 ± 0.3 mmHg, respectively; P < 0.001; Δ 12.8 mmHg) were not matched by differences in WP (13.4 ± 0.4 vs. 12.9 ± 0.4 mmHg, respectively; not significant; Δ 0.5 mmHg) but instead were attributable to large differences in TPG (26.8 ± 0.9 vs. 14.5 ± 0.5 mmHg, respectively; P < 0.001; Δ 12.3 mmHg). Similarly, the differences in PAP between the high and low cohorts (40.2 ± 0.8 vs. 19.5 ± 0.4 mmHg, respectively; P < Venous 1 (mmHg) Female 8.5 ± 0.4 10.9 ± 0.7 8.4 ± 0.8 9.3 ± 0.8 9.7 ± 1.1 10.4 ± 0.7 Male 9.8 ± 1.2 10.4 ± 0.8 9.2 ± 1.2 8.4 ± 0.9 7.3 ± 0.5 9.3 ± 0.8 Right atrium 1 (mmHg) Female 7.3 ± 0.3 10.2 ± 0.9 7.2 ± 0.9 8.7 ± 0.7 8.5 ± 1.0 9.6 ± 0.7 Male 8.2 ± 1.0 9.6 ± 1.2 7.7 ± 1.1 6.4 ± 0.6 6.2 ± 0.4 8.1 ± 0. 7.8 ± 0.4 10.0 ± 0.8 7.8 ± 0.8 8.3 ± 0.6 8.8 ± 0.9 9.6 ± 0.6 Male 8.3 ± 1.1 8.9 ± 0.9 8.2 ± 1.2 6.4 ± 0.6 6.3 ± 0.4 8.6 ± 0.8 Venous 2 (mmHg) Female 8.5 ± 0.4 10.8 ± 0.8 8.6 ± 0.8 9.0 ± 0.7 9.8 ± 1.0 10.3 ± 0.7 Male 9.5 ± 1.0 10.6 ± 0.8 9.8 ± 1.2 7.7 ± 0.6 7.5 ± 0.4 9.8 ± 0. Table 3 . Values for broilers pooled by sex regardless of age, including their BW, heart ventricle weights, right:total ventricular weight ratios (RV:TV), and blood pressures recorded as a catheter was advanced through the vasculature (venous 1, right atrium 1, right ventricle 1, and pulmonary artery 1 pressures) until the wedge pressure was obtained and as the catheter was withdrawn from the vasculature (pulmonary artery 2, right ventricle 2, right atrium 2, and venous 2 pressures 0.001; Δ 20.7 mmHg) were minimally associated with differences in WP (13.4 ± 0.4 vs. 9.7 ± 0.4 mmHg, respectively; P < 0.001; Δ 4.0 mmHg) but instead were primarily attributable to large differences in TPG (26.8 ± 0.9 vs. 9.8 ± 0.4 mmHg, respectively; P < 0.001; Δ 17.0 mmHg). The RV:TV for the high PAP group (0.26 ± 0.005) was higher (P < 0.001) than the RV:TV for the medium and low PAP groups (0.23 ± 0.005 and 0.21 ± 0.004, respectively; not significant).
The relationship between average PAP values for individual males and females and their corresponding RV:TV are shown with all ages pooled in Figure 3 . The slope of the regression line was significant (P < 0 0.001) for both sexes, and the coefficients of determination indicated that approximately 20% of the variation in PAP for males and 27% of the variation for females could be predicted by differences in the RV:TV. To further characterize the relationship between RV:TV and vascular pressure profiles, data pooled regardless of age or sex were subdivided into 3 cohorts of approximately equal size to compare birds having the lowest RV:TV (n = 60; range: 0.14 to 0.217), intermediate RV:TV (n = 60; range: 0.22 to 0.25), and highest RV:TV (n = 57; range: 0.251 to 0.36) (Figure 4 ). The RV:TV for the high group (0.28 ± 0.003) was higher (P < 0.001) than the RV:TV for the medium group (0.23 ± 0.012), which in turn was higher than the RV:TV of the low group (0.19 ± 0.002). Broilers in the high RV:TV group had higher PAP and TPG values combined with essentially normal WP values when compared with broilers in the low RV:TV group (Figure 4) .
DISCUSSION
Previous comparisons of 5-to 7-wk-old PHS-susceptible and PHS-resistant broilers did not reveal differences in CO but did provide direct evidence supporting elevated precapillary resistance (PAH) rather than elevated postcapillary resistance (PVH) as the primary cause of pulmonary hypertension (Chapman and Wideman, 2001; Lorenzoni et al., 2008) . If a component of PHS susceptibility involves progressive deterioration of left ventricular valvular or myocardial function, then evidence of PVH theoretically should be detected more readily in older broilers. In the present study, pulmonary vascular pressure profiles were measured in 8-to 24-wk-old males and females from a PHS-susceptible line. All birds were reared under nominal conditions to emphasize the innate basis of susceptibility during the spontaneous onset of pulmonary hypertension. No differences in vascular pressures were detected between sexes within any age group (Table 2) . Thereafter, the vascular pressure profiles were compared based on sex regardless of age (Table 3) , age regardless of sex (Figure 1) , PAP cohorts regardless of age or sex ( Figure  2 ), and RV:TV cohorts regardless of age or sex ( Figure  4 ). Within each of these comparisons, the group or cohort having the highest PAP consistently exhibited a directly proportional increase in TPG with little or no increase in WP. For example, 8-wk-old broilers had the highest PAP and TPG values in combination with the second lowest WP value of all age groups. Similarly, the broilers in the cohort with the highest RV:TV had higher PAP and TPG values but no difference in WP compared with broilers in the cohort with the lowest RV:TV. For the PAP cohort comparisons, differences in PAP between the high and medium cohorts were directly proportional to differences in TPG, and no difference in WP was detected.
None of the pulmonary vascular pressure profiles for the age, sex, PAP, and RV:TV groups or cohorts evaluated in the present study matched the essential criteria necessary for a diagnosis of PVH caused by left-sided valvular or myocardial diseases (elevated PAP and WP accompanied by a low TPG). Indeed, a diagnosis of PVH requires a direct 1:1 proportionality between increments in PAP and WP, accompanied by TPG values that remain within the normal (low) range. A proportional elevation in WP reflects increased postcapillary resistance to blood flow or congestion within the pulmonary veins and left atrium (Zidulka and Hakim, 1985; Fawzy et al., 1996; Hermo-Weiler et al., 1998; Chemla et al., 2002; Benza and Tallaj, 2006) . Instead, in the present study, elevations in PAP consistently were associated with directly proportional increases in the TPG accompanied by virtually no increase in the WP. The largest difference in WP was detected when the pressure profiles for the high and low PAP cohorts were compared (Figure 2) . In that comparison, the very large (Δ 20.7 mmHg) difference in PAP was minimally associated with the WP (Δ 4 mmHg) and instead was paralleled by large differences in the TPG (Δ 17 mmHg). The slight elevation in WP for broilers with very high PAP values likely reflects an elevated pressure dissipation profile transmitted along the length of the pulmonary vasculature. It also is possible that slight elevations in the WP reflect very modest increases in postcapillary resistance to blood flow through the pulmonary venous drainage, likely caused by minor left ventricular diastolic dysfunction attributable to right ventricular dilation or hydropericardium (Zidulka and Hakim, 1985; Lorenzoni et al., 2008) . However, any effect of right ventricular dilation or hydropericardium on cardiopulmonary hemodynamics would only be anticipated after the evolution of severe pathological changes in the heart associated with the cardiac decompensation that typically can follow sustained work hypertrophy (Diwan and Dorn, 2007) . In the present study, age-related increases in left and total ventricle weights reflect the anticipated increments in the CO needed to support growth (Wideman, 1999) . Based on the pulmonary vascular pressure profiles obtained in the present and previous studies, we conclude that the initial pathogenesis of PHS in susceptible broilers cannot be attributed to increases in downstream resistance (e.g., pulmonary venoconstriction), left myocardial failure, cardiac decompensation, or mitral valve degeneration (Chapman and Wideman, 2001; Lorenzoni et al., 2008) . Instead, all modes of data comparison were wholly consistent with PAH rather than PVH as the primary cause of increased PAP in broilers developing pulmonary hypertension.
The significant but relatively low correlations between PAP and RV:TV for males and females of all age groups (Figure 3 ) are consistent with previous observations in which the earliest changes associated with pulmonary hypertension were detected through direct measurements of PAP rather than by evaluating RV:TV. Repeated observations consistently indicate that differences in right ventricular weights in birds undergoing different degrees of pulmonary hypertension presumably develop after differences in PAP have been sustained chronically Liu, 2001; Lorenzoni, 2006; Lorenzoni et al., 2008) . Parallel increases in pulmonary vascular pressure profiles associated with increasingly severe PAH (Figure 2) further support the hypothesis that pooling in large systemic veins may be one of the earliest hemodynamic changes associated with the onset of right-sided congestive heart failure Lorenzoni et al., 2008) . The hemodynamic changes associated with PAH occurred most dramatically in fast-growing 8-wk-old broilers and were progressively less evident as the broilers aged (Figure 1 ), whereas evidence of more chronic right ventricular work hypertrophy persisted throughout all age categories (Table 1 ). An early, rapid onset of a mild right-sided congestion would explain the consistent increase in VP and PAP but not necessarily in right ventricular mass or RV:TV as broilers develop PAH (Figure 3) . Evidently, increases in systemic venous and pulmonary vascular pressures develop rapidly and precede significant work hypertrophy by the right ventricle as it propels the requisite CO through the elevated precapillary PVR of PAH-susceptible broilers.
